Abstract Background: Measuring acetabular anteversion is relevant to routine follow-up of total hip arthroplasties (THAs) and for malfunctioning THAs. Imageless navigation facilitates acetabular component orientation relative to the anterior pelvic plane (APP) or to the APP adjusted for sagittal pelvic tilt (PT). The optimal plain radiographic method for the postoperative assessment of anteversion is not agreed upon. Questions/Purposes: (1) Do anteversion measurements on plain radiographs correlate more with APP anteversion or PT-adjusted anteversion? (2) Do measurements of anteversion performed on supine anteroposterior (AP) radiographs more accurately reflect intraoperative anteversion values for navigated THA compared to anteversion measured on cross-table lateral (CL) radiographs? Methods: Seventy patients receiving primary navigated THA were included. APP and PT-adjusted anteversion were recorded; the latter defined the intraoperative target for anteversion. Postoperative anteversion was measured on supine AP pelvis radiographs with computer software and CL radiographs with conventional methods. Intraoperative measurements were used as the reference standards for comparisons. Results: Mean intraoperative APP anteversion was 20.6°±5.6°. Mean intraoperative PT-adjusted anteversion was 22.9°±4.5°. Mean anteversion was 22.7°±4.7°on AP radiographs and 27.2°±4.2°on CL radiographs (p<0.001). Only correlations between PT-adjusted anteversion and radiographic assessments of anteversion were significant. The mean difference between PT-adjusted anteversion and anteversion on AP radiographs was −0.2°±4.3°, while the mean difference between the PT-adjusted anteversion and anteversion measured on CL radiographs was 4.3 ±5.1°( p < 0.001). Conclusion: Plain film assessment of anteversion was more accurate on supine AP radiographs than on CL radiographs, which overestimated acetabular anteversion.
Introduction
Measuring acetabular component position after total hip arthroplasty (THA) is commonly performed as part of routine postoperative follow-up and as part of the assessment of the malfunctioning THA. Malposition of the acetabular component after THA has been associated with an increase risk of dislocation, polyethylene wear, early component loosening, and negative clinical effects including pain and decreased range of motion [2, 3, 6, 12, 27, 28] . Assessment of acetabular component position is based on a combination of the inclination and anteversion angles. Pelvic computer tomography (CT) scans have been shown to be the most accurate assessment of component position, but significantradiation exposure [5, 15, 25] . While acetabular inclination is easily assessed on anteroposterior (AP) pelvis radiographs, the optimal plain radiographic method for the postoperative assessment of acetabular component anteversion is not agreed upon. Both AP and cross-table lateral (CL) plain radiographs have been used to assess postoperative component anteversion [1, 8, 10, 13, 15, 18, 19, 21, 26, 28] . However, previous studies have found up to a 5°difference between anteversion measured on the AP pelvis and CL radiographs [1] . Further, CT-based acetabular version has been found to most closely correlate with anteversion measured on AP rather than CL radiographs [13, 18] .
Computer-assisted surgery (CAS) has been shown to improve the accuracy and reproducibility of component position compared to manual techniques [7, 9, 11, 20, [22] [23] [24] . Many CAS systems for THA reference the anterior pelvic plane (APP), a spatial plane defined by bilateral anterior-superior iliac spines (ASIS) and the pubic tubercle, to determine acetabular component anteversion [29] . This measure of anteversion is reported as APP anteversion. Further, these systems commonly report an adjusted anteversion measurement to account for the angle between the coronal plane and the APP. This angle is the patient's sagittal pelvic tilt (PT) [29] . There is a linear relationship between changes in PT and functional anteversion: anterior PT reduces functional component anteversion by approximately 0.74°per degree of PT, while posterior PT increases it by the same amount [14] . Intraoperatively, the APP is registered with the patient in the supine position [29] . Thus, PT is assessed in the supine position, and supine PT determines the PTadjusted anteversion. Both APP anteversion and PTadjusted anteversion values are provided intraoperatively. To our knowledge, no study has compared postoperative radiographic acetabular component anteversion to intraoperative measurements of anteversion.
The purpose of this study was to determine whether postoperative THA acetabular component anteversion is better assessed on supine AP pelvis radiographs or CL radiographs, when the intraoperative navigated component position is used as the reference standard. We asked the following: (1) Do anteversion measurements on plain radiographs correlate more with APP anteversion or PT-adjusted anteversion? (2) Do measurements of acetabular component anteversion performed on supine AP pelvis radiographs more accurately reflect intraoperative anteversion values for navigated THA compared to anteversion measured on CL hip radiographs? We hypothesized that anteversion measured on postoperative radiographs would best correlate with the intraoperative PT-adjusted anteversion measurements, rather than APP anteversion, since both the PTadjusted anteversion measurement and postoperative radiographs are influenced by the sagittal orientation of the pelvis in the supine position [4, 14, 29] . Further, we hypothesized that anteversion assessed on AP pelvis radiographs would more accurately reflect the intraoperative PT-adjusted anteversion than anteversion measured on CL radiographs, since CL radiographs are dependent on accurate patient positioning [1, 15, 19, 21, 26] .
Patients and Methods
This retrospective cohort study was performed at an urban orthopedic surgery specialty hospital in the USA. Inclusion criteria included patients receiving primary THA performed by a single experienced lower extremity arthroplasty surgeon (DJM) between February and September of 2012. Patients were excluded if they received staged or simultaneous bilateral THA during the study period. Additional exclusion criteria were missing intraoperative navigation data and missing or poor-quality 6-week postoperative AP or CL radiographs. The quality of an AP radiograph was deemed poor if it was not centered on the symphysis pubis and if the sacrococcygeal joint was not centered over the symphysis pubis. A CL radiograph was classified as poor if the opening of the acetabular component did not appear parallel to the X-ray beam [15] . Of 84 patients receiving 90 THAs during the study period, 6 patients (12 THA) were excluded for bilateral surgery, 1 patient was excluded for missing intraoperative data, 1 patient was excluded for a poor-quality AP radiograph, 3 patients did not have CL radiographs, and 3 patients had neither postoperative AP nor CL radiographs available for review. Therefore, 70 THAs in 70 patients met criteria for review.
Patient age at surgery, gender, body mass index (BMI), primary diagnosis, and laterality were available for all patients ( With the patient in the supine position, the ipsilateral hemipelvis was prepped and draped. Two 3.2-mm threaded pins were inserted into the anterolateral iliac crest, to which the AchieveCAS pelvic reference array was attached. With the patient in the supine position, the APP, defined by THA total hip arthroplasty, SD standard deviation, BMI body mass index, OA osteoarthritis, CHD childhood hip disease, AVN avascular necrosis, PTA posttraumatic arthritis bilateral ASISs and the ipsilateral pubic tubercle, was registered relative to a plane parallel to the operating room floor. The degree of sagittal PT was reported by the AchieveCAS system and recorded in the operative record. The patient was then placed in the lateral decubitus position, re-prepped, and draped, in order to perform the remainder of the THA through the posterolateral approach. The pins for the pelvic reference array were left in situ and prepped into the field, and a sterile array was attached. Once the acetabulum was exposed, the center of the native acetabulum was registered using a trial cup approximately the size of the native femoral head attached to a cup impactor and AchieveCAS instrument array. The acetabulum was reamed to the appropriate size and depth, as judged by the surgeon, and the final acetabular component was impacted into the goal position using the cup impactor and attached instrument array. The target component orientation was approximately 40°of inclination and 20 to 25°of PT-adjusted anteversion [16] . The final component position, including APP anteversion and PT-adjusted anteversion, was recorded from the AchieveCAS output. Six weeks after surgery, a supine AP radiograph of the pelvis and a CL radiograph of the operative hip were obtained and were available for review through the hospital's picture archiving and communication system (PACS). For the AP radiograph, the patient was placed the supine position, with both hips in neutral position and the radiation beam centered on the pubic symphysis. Acetabular anteversion was measured with Ein-Bild-Röntgen-Analyse (EBRA; University of Innsbruck, Austria) software, which is a validated method for assessing acetabular component position [3, 10] . Pelvic parameters were indicated with grid lines, and reference points around the projections of the prosthetic femoral head, hemispherical cup, and its rim were identified ( Fig. 1) . EBRA calculated radiographic anteversion based on ellipsoid projection of the cup rim onto the plane of the radiograph [10] . For a CL radiograph, the patient was placed in the supine position with the contralateral hip flexed to 90°and the radiation beam directed 45°off the long axis of the body and parallel to the examining table. Acetabular component anteversion was measured as the angle subtended by the long axis of the ellipsoid projection of the component rim onto the plane of the radiograph and a vertical line (Fig. 2) [28] . These measurements were made using digital software tools associated with the PACS (Sectra AB, Linköping, Sweden). All radiographic measurements were performed by a single, experienced observer (PKS) [16] since previous studies have shown excellent intraobserver and interobserver reliability for both EBRA [13, 18, 19, 26] and CL assessments of acetabular anteversion [15, 18, 19] . To avoid bias, the observer was blinded to the intraoperative records.
Statistical Methods
Patient characteristics were summarized using means and standard deviations for continuous variables and frequencies and percentages for discrete variables. Means and standard deviations were calculated for each anteversion measurement. Pearson's coefficients were determined to quantify A supine anteroposterior pelvis radiograph with Ein-BildRöntgen-Analyse (EBRA; University of Innsbruck, Austria) grid lines and landmarks is shown. A horizontal baseline was set tangent to the transverse axis of the pelvis in the coronal plane; then, additional vertical grid lines were used to delineate the left and right inner boundaries of the pelvic brim, the medial boundary of the ipsilateral obturator foramen, and the pubic symphysis. Two more horizontal lines were used to delineate the superior and inferior boundaries of the pelvic brim. Multiple reference points were selected along the radiographic projections of the femoral head, the hemispherical contour of the acetabular component, and the acetabular rim. As determined by the EBRA software, acetabular component inclination was 43°, and anteversion was 22°.
the correlations between radiographic assessments of acetabular anteversion and intraoperative measurements of anteversion. The mean differences and standard deviations between AP and CL anteversion measurements were calculated. Likewise, the mean differences and standard deviations between AP and intraoperative anteversion measurements and the mean differences and standard deviations between CL and intraoperative anteversion measurements were calculated. These latter mean differences and their variances were defined as the accuracy and precision, respectively, for each radiographic method of anteversion measurement, using the intraoperative measurement as the reference standard. The Shapiro-Wilk test was used to confirm that the data was normally distributed. Two-tailed paired-sample t tests were used to compare means, and Levene's test was used to compare the variances between mean differences. All statistical analyses were performed using SPSS Statistics Version 22 for Macintosh (IBM Corp., Armonk, New York, USA). An alpha level of 0.05 was considered statistically significant for all tests.
Results
The mean intraoperative APP anteversion was 20.6°±5.6°( range, −4.0°to 36.0°). The mean intraoperative PT was −3.5°±9.4°(range, −44.0°to 14.0°), and the mean PTadjusted anteversion was 22.9°± 4.5°(range, 12.0°to 31.0°). Mean anteversion was 22.7°±4.7°(range, 13.2°to 34.9°) as determined by EBRA on AP radiographs, and it was 27.2°±4.2°(range 15.0°to 38.3°) on CL radiographs (p<0.001). The mean difference between anteversion measurements using AP and CL radiographs was 4.5°±4.4°( range, −4.1°to 14.0°).
Correlations between APP anteversion and both CL anteversion and AP anteversion were poor (Table 2) . Correlations between PT-adjusted anteversion and radiographic assessments of anteversion were significant. The correlation between PT-adjusted anteversion and AP anteversion (r=0.56, p<0.001) was greater than between PT-adjusted anteversion and anteversion measured on CL radiographs (r=0.30, p=0.012). Pairwise t tests between mean anteversion for intraoperative assessments and postoperative measurements were significantly different, except for between PT-adjusted anteversion and AP anteversion (p=0.69; Table 3 ).
The mean difference between intraoperative values of adjusted anteversion and anteversion calculated on the AP radiograph was −0.2°±4.3°, while the mean difference between the intraoperative PT-adjusted anteversion values and anteversion measured on CL radiographs was 4.3°±5.1°( p<0.001). Thus, anteversion measured on CL radiographs was, on average, 4.3°greater than the intraoperative assessment of PT-adjusted anteversion, and these results imply that anteversion measured on AP radiographs is, on average, 4.1°m ore accurate (i.e., closer to the true value) than the Woo and Morrey measurement for anteversion, when intraoperative PT-adjusted anteversion is used as the reference standard. Levene's test of variance comparing the mean differences for PT-adjusted anteversion less EBRA anteversion and PT-adjusted anteversion less CL anteversion was not statistically significant (p=0.144), suggesting that there is equal precision (i.e., spread) between the two postoperative anteversion measurements.
Discussion
The purpose of this study was to determine whether postoperative THA acetabular component anteversion is better assessed on supine AP pelvis radiographs or CL radiographs, when the intraoperative navigated component position is used as the reference standard. Both study hypotheses were confirmed. Anteversion measured on postoperative radiographs best correlated with the intraoperative PTadjusted anteversion measurements, rather than APP anteversion, and anteversion assessed on supine AP pelvis radiographs more accurately reflected the intraoperative PTadjusted anteversion than anteversion measured on CL radiographs. Anteversion measured on CL radiographs was, on average, 4.3°greater than PT-adjusted anteversion, whereas anteversion measured on supine AP radiographs with EBRA was, on average, only 0.2°less than PTadjusted anteversion. The difference between CL anteversion and intraoperative PT-adjusted anteversion was significant, whereas the difference between AP anteversion and PT-adjusted anteversion was not. Variances of the mean differences between PT-adjusted anteversion and both EBRA anteversion and CL anteversion were not different, and this may imply a systematic reason for the differences observed between the postoperative anteversion measurements.
This study has several limitations. First, intraoperative navigated anteversion was used as the comparative gold standard rather than anteversion measured on CT. However, acetabular component positioning using imageless navigation has been reported to be accurate to within 2°of CT assessment of acetabular component position [7, 20] , and CT scans expose patients to additional ionizing radiation for imaging exams outside of the standard of care for routine THA follow-up. Second, a specific brand of software, EBRA, was used to measure anteversion on AP supine radiographs. It is possible that the results might be different if other software was used. However, most software uses common similar trigonometric functions to calculate [10, 12, 13, 18, 19] . Therefore, the results are likely generalizable to other software using similar methods to measure acetabular anteversion. Third, a single observer was used for all radiographic measurements. While this observer was blinded to the intraoperative anteversion measurements, the potential for bias may have reduced further with the addition of multiple observers. Yet, intraobserver and interobserver interclass correlation coefficients for EBRA and CL anteversion measurements have exceeded 0.9 in multiple studies [13, 15, 18, 19, 26] . Fourth, a 4.3°difference between AP and CL anteversion measurements may not be clinically important. One study has attempted to define a minimal clinically important difference in acetabular anteversion based on patient-reported outcomes [6] . This study found that a wide range (15°±15°) of anteversion along with 40°±15°reduced the risk of postoperative THA dislocation, but superior Oxford Hip Scores were found for patients within a ±5°range of 45°o f inclination and 25°of anteversion [6] . Therefore, a 5°d ifference in anteversion may be clinically significant. However, this result has not been replicated in other studies, and we did not assess patient-reported outcomes in this study. Fifth, EBRA is not standard software for the PACS at the study institution, making it more time consuming than CL anteversion measurements. Therefore, this study's results may hold clinical relevance only to surgeons with ready access to software capable of measuring anteversion on AP radiographs. However, since other studies have noted the improved reliability of anteversion assessment on AP radiographs compared to lateral radiographs [13, 19, 26] , an argument can be made to include tools for AP anteversion assessment in standard PACS workstations. Finally, it should be noted that AP radiographs cannot distinguish between anteversion and retroversion. When acetabular components are placed near neutral version, this limitation may become particularly relevant, and true lateral radiographs may be required to confirm acetabular orientation [26] . The senior surgeon in this study preferred an anteversion target in excess of 20°of PT-adjusted anteversion and used navigation for every THA [16] . Therefore, this limitation of AP radiographs was of less clinical concern than it might be for surgeons with lower anteversion targets and who do not use advanced technologies to assist acetabular component placement. In this study, there were no acetabuli with retroversion on CL radiographs.
The current study found that radiographic measurements of acetabular component anteversion with the patient in the supine position best correlate to intraoperative anteversion measured relative to a coronal plane, the APP, adjusted for a patient's PT in the supine position. Murray [17] noted that anteversion can be defined as either radiographic, anatomic, or operative. All definitions describe the orientation of the Bacetabular axis^that is perpendicular to the opening of the acetabular component and passes through its center. Radiographic anteversion, which was used in this study and for imageless navigation [29] , is the angle between the acetabular axis and a coronal plane. Therefore, the coronal plane selected directly influences measured anteversion [14, 17, 29] . In this study, two coronal planes for measuring cup orientation were defined: (1) the APP and (2) a functional coronal plane with the patient in the supine position, which corresponded to the radiographic coronal plane for supine radiographs. Only when there was no sagittal PT where the APP and the radiographic coronal plane parallel. Therefore, in an idealized scenario, PT is 0°. However, in this study's cohort, mean PT was 3.5°posterior, with a range of 44.0°of posterior PT to 14.0°of anterior PT. When PT is not equal to 0°, there is a linear relationship between radiographic anteversion and PT, with a mean change in anteversion of 0.74°per 1°increase in posterior PT [14] . In this study, since the surgeon targeted PT-adjusted anteversion, the reference planes for intraoperative anteversion and postoperative radiographic anteversion were the same.
The signification correlations between AP and CL anteversion measurements result rely on the constancy of preoperative and postoperative sagittal PT. If PT is not constant or changes as the result of THA, the relationship between the APP, the intraoperative coronal plane, and the radiographic coronal planes will not be constant. While postoperative PT was not measured in this study, both Maratt et al. [14] and Blondel et al. [4] found that PT does not vary significantly in the majority of patients before and after THA. Importantly, PT can vary with contralateral hip flexion during CL radiographs [1] , which may explain why CL anteversion did not correlate as strongly with intraoperative PT-adjusted anteversion as AP anteversion did. Several studies have shown that CL anteversion is consistently greater than AP anteversion [1, 19, 26] , ranging from 3.4° [19] to 5° [1] . Likewise, we found that anteversion on AP radiographs was, on average, 4.1°more accurate than on CL radiographs, with intraoperative PT-adjusted anteversion as the reference standard, but the variances of CL and AP anteversion measurements were equal. These results may imply a systematic reason for the differences observed between the two radiographic methods for measuring anteversion.
Arai et al. [1] found that there was a negative correlation between maximum clinical hip flexion and the difference between anteversions measured on CL and AP radiographs, and they showed that patients with a stiffer contralateral hip showed greater differences between the two version measurements. It is important to realize that clinical Bhip flexion,ŵ hich is the perceived change in angle between the longitudinal axis of the thigh and the longitudinal axis of the axial skeleton, is a combination of both femoroacetabular flexion and spinopelvic flexion. We speculate that if there is no spinopelvic motion when the contralateral hip is flexed to 90°for a CL radiograph (e.g., in the case of spinopelvic arthrodesis), then CL and AP anteversion measurements should be equivalent, as the supine PT should be equal for both radiographs. However, if the contralateral hip permits limited femoroacetabular motion, then posterior PT should increase to a greater degree for a CL radiograph, and measured CL anteversion should exceed AP anteversion by approximately 0.74°per 1°of additional posterior PT [14] . Thus, in our series, if, on average, there was 4.5°more anteversion on CL radiographs than measured on AP radiographs, we would expect that the pelvis was, on average, tilted approximately 6°m ore posterior for CL radiographs than for AP exams. Although further study is required to fully delineate the relationships between CL anteversion measurement, femoroacetabular motion, and spinopelvic motion, we hypothesize that the observed difference between AP and CL anteversion measurements should be patient-specific and a function of femoroacetabular and spinopelvic parameters.
It may be possible to control for PT using the ischiolateral method to measure anteversion that Pulos et al. [21] described. This method uses the CL radiograph and measures the angle between a line tangent to the opening of the acetabular opening and a line perpendicular to the longitudinal axis of the ischial tuberosity. However, the relationships between the ischial tuberosity, anatomic planes (e.g., the APP), and functional planes (e.g., the supine frontal plane) cannot be determined easily and have not been studied. Therefore, the usefulness of the ischiolateral method is likely confined to comparing serial radiographs of the same patient [26] .
In conclusion, anteversion measured on postoperative supine plain radiographs correlated to intraoperative PTadjusted anteversion and not to intraoperative APP anteversion, likely because the PT-adjusted and radiographic reference planes were parallel or nearly parallel. AP anteversion correlated more than CL anteversion to intraoperative PT-adjusted anteversion, and it was more accurate than CL anteversion, when compared to intraoperative PTadjusted anteversion. CL radiographs appear to overestimate anteversion compared to AP radiographs and intraoperative PT-adjusted anteversion. We speculate that patient positioning for CL radiographs typically necessitates posterior PT, altering the relationship between the intraoperative and radiographic reference planes and increasing apparent anteversion.
Until tools for measuring anteversion on AP radiographs become commonplace, CL radiographs remain clinically important studies for acetabular version assessment. However, clinicians should be aware that CL radiographs tend to overestimate anteversion. Future studies should explore the relationships between CL anteversion measurement, femoroacetabular motion, and spinopelvic motion and should determine methods to normalize CL anteversion to patient-specific functional reference planes. Informed Consent: Informed consent was waived from all patients for being included in the study.
